ABSTRACT: Gap junctions underlie electrical synaptic transmission between neurons. Generally perceived as simple intercellular channels, "electrical synapses" have demonstrated to be more functionally sophisticated and structurally complex than initially anticipated. Electrical synapses represent an assembly of multiple molecules, consisting of channels, adhesion complexes, scaffolds, regulatory machinery, and trafficking proteins, all required for their proper function and plasticity. Additionally, while electrical synapses are often viewed as strictly symmetric structures, emerging evidence has shown that some components forming electrical synapses can be differentially distributed at each side of the junction. We propose that the molecular complexity and asymmetric distribution of proteins at the electrical synapse provides rich potential for functional diversity.
INTRODUCTION
Communication between neurons takes place at specialized cellular structures called synapses. At these junctions, transmission can be either chemically mediated (chemical synapses) or made possible by intercellular channels that allow the passage of intracellular ions carrying electrical currents (electrical synapses). Together these synapses shape the fast form of signaling that is characteristic of neurons. Electrical synapses also serve as conduits for the diffusion of small messenger molecules and metabolites between coupled cells, creating a reticulum between neurons, with passage being restricted by charge and size (Fig. 1 ). These intercellular channels cluster into structures known as "gap junctions" (GJs) [Fig. 2(A) ] (Goodenough and Paul, 2009 ), which are not restricted to neurons and are present in most multicellular organisms.
As with chemical transmission, electrical transmission is a highly dynamic form of synaptic communication. Rather than simply behaving as passive channels, the functional state of electrical synapses in under the constant influence of various regulatory processes (Pereda et al., 2013; O'Brien, 2014) . GJ conductance at electrical synapses was shown to be modified by modulatory neurotransmitters such as dopamine (Piccolino et al., 1984; Lasater and Dowling, 1985; Lasater et al., 1987; Kothmann et al., 2009) , the activity of nearby glutamatergic synapses (Yang et al., 1990; Pereda and Faber, 1996; Landisman and Connors, 2005; Kothmann et al., 2012; Turecek et al., 2014; Wang et al., 2015b) , as well changes in the intracellular concentration of Ca following intense cellular activity (Kohmann et al., 2016) . Moreover, GJ channels can in some cases be sensitive to differences in the membrane potential of the coupled neurons, a property that can underlie rectification, the ability to offer differential resistance to the spread of electrical currents between the coupled cells (Oh et al., 1999; Palacios-Prado et al., 2014b) . The existence of such complex functional properties suggests that electrical transmission should be supported by a similarly complex molecular machinery at the synaptic structure.
While the molecular complexity of chemical synapses has been long recognized, electrical synapses were generally perceived as structurally simple. This misperception probably originates in the inappropriately assigned conceptual simplicity of electrical transmission being based solely on the GJ channels, as well as on its functional stability, which allows high-fidelity transmission unlike the probabilistic nature of chemical synapses. However, growing evidence indicates that electrical synapses are made of more than just intercellular channels. Current views support the notion that GJs represent multimolecular complexes at which intercellular channels are supported by a wide range of associated scaffolding and regulatory proteins (Herv e et al., 2004) . Such structural complexity is emerging at electrical synapses as well (Burr et al., 2005; Alev et al., 2008; Lynn et al., 2012; Siu et al., 2016) . Moreover, while chemical synapses are inherently structurally asymmetric, with a presynaptic site specialized in transmitter release and a postsynaptic one specialized for reception, electrical synapses are generally perceived to be structurally symmetric. Contrasting this perception, recent evidence indicates that electrical synapses might be asymmetric (Phelan et al., 2008; Rash et al., 2013) with some of its molecular components differentially distributed at each gap junction "hemiplaque" (see below) suggesting that, as at chemical synapses, certain electrical synapses might have distinct cellular presynaptic and postsynaptic sites (this distinction is in mostly conceptual and arbitrary as electrical transmission is bidirectional).
Here, we discuss the structural and functional complexity of electrical synapses. Rather than a complete review of the literature, this article focuses on evidence indicating that, rather than simple aggregates of intercellular of channels, electrical synapses represent true synaptic structures and that the complexity and asymmetry of their structural components are likely to contribute to their functional diversity.
WHAT MAKES AN ELECTRICAL SYNAPSE?
As already mentioned, transfer of information at electrical synapses occurs at cell junctions known as the Figure 1 Gap junctions between neurons mediate electrical transmission. The cartoon schematically depicts a canonical GJ between two, unspecified, neuronal processes (neuronal gap junction can between dendrites, somas, axons, or between axonal terminals and various cellular processes). GJs provide a pathway for the spread of electrical currents between neurons, a cellular type that characteristically rely on electrical signaling. Changes in the membrane potential of one of the cells evoke corresponding changes in the membrane potential of a second, coupled cell. Many electrical synapses are bidirectional, and therefore, when depolarization propagates to a coupled cell (an action potential in this case but changes in membrane potential can also be subthreshold) the depolarization evoked in this cell (coupling potential) simultaneously propagates back to the cell on which the depolarization initially originated (arrows). In addition to supporting electrical signaling, electrical synapses have metabotropic functions providing a conduit for the exchange of small molecules such as metabolites and signaling molecules. [Color figure can be viewed at wileyonlinelibrary.com] "gap junction plaque" or simply "gap junction" that represent clusters of intercellular channels. Each of the intercellular channels at these structures is formed by the apposition of two "hemichannels" or "connexons," each contributed by one of the coupled cells (Goodenough and Paul, 2009) [Fig. 2(B) ]. Hemichannels are composed of hexamers of proteins known as connexins (Cx) in chordates and recent evidence indicates they are octamers of innexins (Inx) in invertebrates; although whether all Inx-based hemichannels are octamers is not clear (Phelan, 2005; Goodenough and Paul, 2009; Oshima et al., 2016) . Although Cxs and Inxs share similar membrane topology and form similar intercellular structures their sequences are unrelated (Phelan, 2005; Oshima et al., 2016) . To date, mammalian genomes encode approximately twenty Cx-encoding genes whereas C. elegans and D. melanogaster genomes encode twenty five and eight Inx-encoding genes, respectively (Phelan and Starich, 2001; S€ ohl et al., 2005; Simonsen et al., 2014) . Currently, at least five Cxs (Cx30.2, Cx36, Cx45, Cx50, Cx57) are definitively known to be expressed within mammalian neurons, while five others (Cx29, Cx30, Cx32, Cx43, Cx47) are expressed exclusively in glia )-at least in mature circuits. Similarly, only a subset of Inxs are known to be expressed in invertebrate neurons (Simonsen et al., 2014) . This diversity of Cx/Inx genes provides ample opportunity for complex GJ formation where each hemi-channel could be created from multiple Cx/Inxs (heteromeric) or hemichannels created by different Cx/Inxs could couple between cells (heterotypic, discussed below). While some Cxs appear to be promiscuous in their interaction partners, others are quite restrictive in those with which they can form partners (White et al., 1994 (White et al., , 1995 . In an animal the diversity of GJ makeup is further restricted due to spatially and temporally restricted patterns of Cx/Inx expression; although often these expression patterns overlap within a single neuron and/or coupled cells expressing multiple Cxs or Inxs genes (Connors and Long, 2004; S€ ohl et al., 2005; Simonsen et al., 2014) .
The diversity of Cxs at electrical synapses support their communication functions, yet surprisingly only a small fraction of the channels (0.1 to 18%) are estimated to be functional and sufficient to support electrical transmission. This was observed in fish (Tuttle et al., 1986; Lin and Faber, 1988; Flores et al., 2012) and mammalian electrical synapses (Curti et al., 2012; Szoboszlay et al., 2016) as well as at GJs created from Cx36 in cell expression systems , and indicates that heterogeneous populations of channels can coexist in a GJ plaque. Figure 2 Electrical synapses are complex and contain many components. Electrical synapses represent more than simple aggregates of intercellular channels. The cartoon aims to conceptualize the various components of an electrical synapse. A. Electron micrograph showing a neuronal GJ (arrow) between two dendritic profiles in the cat inferior olive, which were located in an extraglomerular position. Note the electron dense material (asterisks) that can be observed at each side of the GJ. We call this structure the electrical synaptic density (ESD). Modified from Sotelo et al., 1974 , with permission (Sotelo et al., 1974 . B. Intercellular channels are formed by the apposition of two hemichannels, each contributed by one of the coupled cells. These intercellular channels cluster intro structures known as GJ plaques. C-E. A number of additional proteins have been identified at gap junctions. Most of these proteins are thought to be involved in the maintenance and regulation of intercellular communication. Such a remarkable property is likely to result from the interaction of GJ channels with associated regulatory and scaffolding proteins (discussed below). Further, it suggests that Cx proteins can have multiple functions at GJ and in addition to conductive functions (electrical and metabolic coupling) they can also serve as adhesion molecules (Elias et al., 2007) providing perhaps mechanical stability to the intercellular junction (Agullo-Pascual and Delmar, 2012; Flores et al., 2012; Pereda, 2016) .
While much emphasis has been put on the structure and function of the GJ channel, increasing evidence is leading us to look at electrical synapses in a new, more comprehensive, way. At chemical synapses, regulatory and functional properties of synaptic release and reception are supported by macromolecular structures known as the presynaptic Active Zone (Siksou et al., 2011) and the Postsynaptic Density (PSD), both recognizable for their characteristic electron dense profiles identifiable in electron microscope (EM) thin sections (Kennedy, 1997; Carroll et al., 2001) . While often overlooked, EM of electrical synapses characteristically exhibit electron dense structures described as a "semi-dense cytoplasmic matrix" or "cytoplasmic semidense matrix" (Sotelo and Korn, 1978) (Fig. 2 ). This electron-dense matrix or "electrical synapse density" (ESD) likely represents the proteins associated with the GJ channels and thereby support the structure and function of the electrical synapse.
An ever growing number of proteins have been identified as being associated with the GJ channels at electrical synapses (Herv e et al., 2004) . Most of these proteins are thought to be involved in the maintenance and regulation of intercellular coupling. Adhesion (E-and N-cadherins) (Meyer et al., 1992; Segretain and Falk, 2004) and scaffolding proteins (Duffy et al., 2002; Herv e et al., 2004) (Duffy et al., 2002; Herv e et al., 2004; Li et al., 2004; Ciolofan et al., 2006; Lynn et al., 2012) . Many of these proteins are shared with other membrane junctions such as tight and adherens junctions found in epithelia where the proteins are known to scaffold the junctional complexes to kinases, signaling molecules and cytoskeletal elements (Herv e et al., 2004) . At neuronal GJs, Cx36 (Li et al., 2004) and some of its fish homologs (Flores et al., 2008) were shown to interact with the first PDZ domain of zonula occludens-1 (ZO-1). ZO-1 is a protein with scaffolding function that could serve to recruit signaling proteins into Cx36-based GJs, as suggested by its interaction with the accessory scaffolding proteins multi-PDZ domain protein 1 (MUPP1), AF-6, and cingulin (Lynn et al., 2012) . Cx36 has also been shown to colocalize and interact with MUPP1, which interacts with both ZO-1 and CaMKII, thus serving as an anchor for this regulatory kinase protein (Lynn et al., 2012) . Moreover, Cx36 was shown to directly interact with the alpha subunit of Ca
11
-calmodulin dependent kinase II (CaMKII), in a fashion that resembles the interaction of this kinase with the NR2B subunit of the NMDA receptor (Alev et al., 2008) , and to interact with calmodulin (Burr et al., 2005; Siu et al., 2016) . Cx36 also colocalizes and interacts with AF-6, a protein that is targeted by the Epac-Rap1 signaling pathway and that contributes to the regulation of other cell-cell junctions (Lynn et al., 2012) . Finally, Cx36 was also reported to colocalize with cingulin, a protein that as a result of its interaction with alpha-actin links junctions to the cytoskeleton and is capable of mediating signaling via the RhoA system (Lynn et al., 2012) . Although less is known, there is increasing evidence for the role of associated proteins in Inx-based electrical synapses (Chen et al., 2007; Norman and Maricq, 2007; Meng et al., 2016) . Thus, rather than simple aggregates of channels, the current notion of the electrical synapse includes the participation of other proteins in gap junctional communication, forming multimolecular complexes that has been termed the "nexus" in non-neuronal cells (Duffy et al., 2002) and we suggest are likely to contribute to the EM-observed ESD.
Within this complex of interacting proteins, GJs in non-neuronal tissue are known to be highly dynamic structures. Trafficking and turnover of recombinant GJ channels have been observed and wellcharacterized in cell expression systems (Laird, 1996 (Laird, , 2006 Gaietta et al., 2002; Lauf et al., 2002; Piehl et al., 2007) . A wealth of evidence indicates that new connexins are trafficked in vesicles from the Golgi as undocked hemichannels [ Fig. 2(E) ]. Hemichannels are then inserted into the plasma membrane at the periphery of existing GJ plaques rapidly docking with hemichannels inserted in the apposed membrane (Gaietta et al., 2002; Lauf et al., 2002) . Hemichannels do not undock during removal; rather connexin removal occurs from the center of plaques as intact regions of the junction containing intercellular channels which are internalized into one or the other of the coupled cells (Laird, 1996 (Laird, , 2006 Gaietta et al., 2002; Lauf et al., 2002; Falk et al., 2016 ). The removed structures are then transported to lysosomes for their degradation (Laird, 1996; Lauf et al., 2002; Falk et al., 2016) . Turnover of gap junction channels was observed at electrical synapses in vivo at auditory mixed synapses on the Mauthner cell (Flores et al., 2012 ) and the existence of this phenomenon at mammalian neuronal GJs is supported by the existence of internalized annular GJs at inhibitory interneurons in the rat striatum (Fukuda, 2009) . Similar turnover was observed for Cx36 in cell expression systems (Wang et al., 2015a) . This dynamic turnover must require exocytosis and endocytosis machinery and is likely strictly regulated by multiple proteins. The trafficking and stabilization of AMPA receptors at glutamatergic chemical synapses is controlled, at least partially, through interactions of the AMPA receptor's carboxy-terminus with several different cytosolic scaffolding proteins (L€ uscher et al., 1999; Ehlers, 2000; Hanus and Ehlers, 2016) . We expect that the regulation of GJ-channel insertion and removal via the molecular complexity found within the ESD will be a critical regulator of formation and function of the electrical synapse.
The molecular complexity and trafficking of GJ channels are also likely to participate in electrical synapse plasticity wherein the strength of communication can be modified by a number of pathways. In contrast to chemical synapses, less is known about proteins that play a functional role in regulation of electrical synapses. Trafficking of ionotropic receptors involves processes of membrane insertion and retrieval that maintains the strength of chemical synapses and underlies several forms of synaptic plasticity (L€ uscher et al., 1999; Xia et al., 2000; Hanus and Ehlers, 2016) . In analogy with chemical synapses, the existence of Cx turnover suggests that trafficking of GJ channels could potentially be regulated (increased or decreased) to produce modifications of synaptic strength, a possibility suggested by the observation that the strength of electrical synapses can be readily altered (minutes) by interfering with the insertion and removal of GJ channels (Flores et al., 2012) . In addition to the distinct pathways for the synthesis, trafficking, and degradation of GJs (Musil and Goodenough, 1993; Falk et al., 1997; Diez et al., 1999; Evans et al., 1999) neuronal Cxs are subject to posttranslational modifications (Moreno and Lau, 2007) . Most studies of mechanisms that regulate Cx36-mediated electrical synapses have converged on the involvement of two protein kinases, namely, cAMP-dependent protein kinase A (PKA) and the multifunctional CaMKII (Pereda et al., 1998; Urschel et al., 2006; Kothmann et al., 2007 Kothmann et al., , 2009 Alev et al., 2008) . Activation of CaMKII requires an increase in the intracellular concentration of Ca 11 , such as that which occurs during sustained activation of NMDA receptors, and its activation usually leads to enhancement of GJ conductance (Pereda et al., 1998; Kothmann et al., 2012; Turecek et al., 2014) . PKA is usually recruited by the activation of G protein-coupled receptors via various neurotransmitters modulators (Urschel et al., 2006; Kothmann et al., 2007 Kothmann et al., , 2009 ). Activation of PKA generally leads to a decrease in GJ conductance (Piccolino et al., 1984; Lasater and Dowling, 1985; McMahon et al., 1989; Mills and Massey, 1995; Zsiros and Maccaferri, 2008 ), but has also been reported to lead to its enhancement (Pereda et al., 1992 (Pereda et al., , 1994 Cachope et al., 2007; Li et al., 2009a,) . Biochemical analysis indicated that enhancement of GJ conductance is mediated by direct phosphorylation of Cx36, whereas reduction of GJ conductance is mediated via an indirect pathway that leads to the activation of protein phosphatase 2 (Kothmann et al., 2009 ). Cx36 (and its teleost homologs) contains multiple phosphorylation sites for both PKA and CaMKII (Urschel et al., 2006; Kothmann et al., 2007; Alev et al., 2008) , and two of them (S110 and S293) are targeted by both kinases. The emerging molecular complexity at the electrical synapse thus represents a critical point of regulation where many scaffolds and effectors support the structure of the GJs but also serve as a platform for the precise regulation of electrical synapse function.
ARE ELECTRICAL SYNAPSES NECESSARILY SYMMETRIC?
As a result of their structural arrangement, it has been assumed that electrical synapses are molecularly and structurally symmetric. However, data indicates that each side of an electrical synapse can be unique. In vivo GJ channels at electrical synapses can be formed by hemichannels that are molecularly different (Phelan et al., 2008; Rash et al., 2013; Palacios-Prado et al., 2014b) . This channel asymmetry then may provide unique intracellular interactions allowing for asymmetry of associated proteins, a possibility that is consistent with the fact that the amount of associated electron dense area surrounding neuronal GJs (ESD) can be asymmetric in some contacts [ Fig. 3(A) ]. Contacts between the lateral giant axon and the giant motor fiber in crayfish provide a clear example of structural asymmetry at electrical synapses, in which vesicles that are apparently tethered to the GJ are restricted to the presynaptic site [ Fig. 3(B,C) ] (Hanna et al., 1978) . We discuss in the next sections known and potential sources of asymmetry at electrical synapses (Fig. 4) .
Asymmetry at the Channel
The first evidence of molecular asymmetry of electrical synapses came from work in invertebrate systems.
In the Drosophila giant fiber system (GFS) two Inx isoforms (Shaking-B(Neural 1 16) and ShakB(Lethal)) form heterotypic GJs with each Inx used only on one side of the synapse and being required for a fast escape response (Zhang and Wyman, 1999; Phelan et al., 2008) . By expressing these channels in Cxdepleted Xenopus oocytes, the authors found that the heterotypic pairing of these Inxs is sufficient to produce asymmetric current flow, across the junction (Phelan et al., 2008) . A different pair of Inxs (Inx7 and Inx6) forms a heterotypic electrical synapse between the APL neurons and DPN neurons of the mushroom body of flies-part of a circuit critical for associative olfactory learning and memory (Wu et al., 2011) . Such molecular asymmetries at electrical synapses are also found in the C. elegans nervous system, for example, the Inxs UNC-7S and UNC-9 form heterotypic GJs between command interneurons and motoneurons important for coordinated locomotion (Starich et al., 2009) . Molecular asymmetry at GJs is not restricted to invertebrates, as complex Cx arrangements are found in wide variety of nonneuronal cell types and organ systems throughout vertebrate lineages (de Boer and van der Heyden, 2005; Bukauskas et al., 2006; Scott et al., 2012; Xu and Nicholson, 2013; Irion et al., 2014) . Within the vertebrate nervous system defining electrical synapse complexity has been challenging due to an incomplete understanding of the expression patterns and usage of Cxs. To date, the best evidence for Cx asymmetry at electrical synapses comes from ultrastructural data obtained with freeze-fracture immunolabeling (Brightman and Reese, 1969) . B. Electron micrograph of a GJ situated in the synaptic contact between the lateral giant axon and the giant motor fiber of a crayfish (Procambarus clarkii). The presynaptic side can be easily identified by the presence of vesicles (v), which seem to be connected to the junctional membrane. C. Freeze-fracture image (e-face) of a GJ in another crayfish electrical synapse showing the close arrangement of particles and vesicles, which are only present in the cytoplasm of the presynaptic lateral giant axon. Panels B and C modified from Hanna et al, 1978 , with permission (Hanna et al., 1978 . There are structural differences between vertebrate and invertebrate gap junctions including membrane separation (B) and interchannel distance and regularity (C).
(FRIL) that found that Cx35 and Cx34 were localized exclusively presynaptically and postsynaptically, respectively, at the Club ending synapses of the Mauthner cell in goldfish . The molecular asymmetry of GJ channels at M-cell synapses was found to be associated with functional asymmetry, with the rectified electrical synapse contributing to cooperativity amongst converging inputs . In zebrafish the gjd2a and gjd1a genes, encoding proteins similar to the goldfish Cx35 and Cx34, respectively, were recently found to be required for electrical synapse formation in the Mauthner cell network . Indeed, the genes encoding Cx35 and Cx34 are required exclusively presynaptically and postsynaptically, respectively, in the Mauthner network of zebrafish (ACM unpublished results). This represents the first molecularly defined asymmetry at electrical synapses in vertebrates. Such asymmetric configurations appear to be broadly distributed in the fish nervous system as further FRIL analysis identified the Cx35/ Cx34 heterotypic pairings to be common throughout the brain and spinal cord (Rash et al., 2015) . These examples of molecular asymmetry at electrical synapses exemplify two important points: (1) there are many different GJ forming proteins which could contribute to asymmetric complexity of electrical synapses, and (2) these heterotypic electrical synapses contribute to important functions in neural networks. It is very likely that electrical heterotypic junctions occur in all connectomes and are likely to contribute broadly to the development and mature function of various nervous systems.
Within the mammalian nervous system there is no definitive example of Cx asymmetry to date. However, despite the widespread distribution of Cx36 suggesting that most synapses are homotypic, there are several potential places at which heterotypic synapses may exist. For instance, horizontal cells in the retina make electrical synapses with one another and recent EM data suggests that at least a subset of these synapses are composed of Cx50 apposed to an as yet unidentified Cx in the adjacent neuron (Cha et al., 2012) . Alternatively, these could represent unpaired Cxs, a phenomenon known in horizontal cells to be important for ephaptic (non-synaptic) inhibition of cone photoreceptors (Klaassen et al., 2011) . Electrical synapses in the thalamic reticular nucleus (TRN) are functionally asymmetric and this rectification is modifiable and can be accentuated by activity (Haas et al., 2011) . The molecular mechanisms underlying this shift are currently unknown, however the authors suggest that it might arise due to asymmetric regulation of hemichannels at each side of the synapse such as posttranslational modification of Cx (these synapses contain Cx36 which is regulated by CaMKII and PKA; see above), creating molecular asymmetry. Intriguingly, recent work found that in cx36(gjd2)-/-mutant mice, neurons of the TRN are still electrically coupled with more pronounced rectification across the GJs than in wildtype (Zolnik and Connors, 2016) ; while the remaining Cx proteins are yet to be identified, the authors suggest that Cx45 and/or Cx30.2 may be involved (S€ ohl et al., 2005; Kreuzberg et al., 2008) . It is unclear if these GJs are present in wild type mice or if they represent a compensatory mechanism in cx36(gjd2)-/-mutants. Thus, while definite proof for molecular asymmetries at electrical synapses in mammals is still lacking, it seems unlikely that evolution would have given up on a strategy that Figure 4 Potential sources of structural and functional asymmetry at vertebrate electrical synapses. The cartoon illustrates known and possible forms of structural and functional asymmetry at an electrical synapse. Intercellular channels can be heterotypic, that is, each hemichannel is molecularly different (channel asymmetry). Both Cx-based and Inx-based electrical synapses have been shown to exhibit heterotypic channels, a configuration that is generally associated with electrical rectification (Palacios-Prado et al., 2014b) . Scaffolding and trafficking proteins can be also differentially distributed; such is the case of Neurobeachin (Nbea) . Asymmetry can also be functional and could be mediated by the presence/absence of channel-interacting diffusible cytosolic factors at heterologous junctions, that is, between dissimilar cell types with different internal milieu , 2014a . Functional interactions with glutamatergic synapses can occur asymmetrically, through one of the coupled cells (Pereda, 2014) . These known asymmetries open the possibility that other components of an electrical synapse could also differentially distributed at each hemi-plaque, such as scaffold composition and the complement of regulatory molecules.
[Color figure can be viewed at wileyonlinelibrary.com] provides neurons with an important tool for manipulating the flow of information amongst neurons, and therein a method for neural circuits to compute function. With the emerging tools to look at the localization and usage of Cxs throughout neural development and mature circuit function, GJ complexity in the nervous system is likely to be recognized as a rule as opposed to an exception. Moreover, molecular asymmetry may not be confined to the GJ-forming Cx and Inx proteins and asymmetries beyond the GJ channels are likely utilized.
Asymmetry Beyond the Channel
Electrical synapses often couple neurons of identical type together, promoting their function as ensembles that act in concert with one another (Connors and Long, 2004) . In such cases, the neurons are generally expected to express the same genes/proteins, and thus such GJs are likely to be molecularly and functionally symmetric (although note that this need not be true, as with the asymmetry in the TRN discussed above [Haas et al., 2011; Zolnik and Connors, 2016] ). Moreover, electrical synapses between the same neuronal type are often made between identical neuronal compartments, be it dendro-dendritic, axoaxonic, or cell-to-cell body. However, many electrical synapses are formed between neurons of different types and between different neuronal compartments, and such electrical synapses tend to be functionally asymmetric suggesting the possibility of additional sources of molecular asymmetry. For example, EM at rectifying crayfish junctions between the lateral giant axon and the giant motor fiber found remarkable differences of the presynaptic and postsynaptic content of electrical synapses. At these synapses 80nm vesicles were found localized across the length of the presynaptic GJ plaque apparently associated with the synapse [Fig. 4(B,C) ]. The associated vesicles were observed asymmetrically distributed (Peracchia, 1973 (Peracchia, , 1974 Hanna et al., 1978; Ohta et al., 2011) , with more vesicles present in the presynaptic site, and this asymmetry was exaggerated by activity (Ohta et al., 2011) . Mitochondria and smooth endoplasmic reticulum were present at both presynaptic and postsynaptic sites (Hanna et al., 1978) . While such prominent asymmetries in structure were identified nearly 40 years ago, we still know little about how neurons use these differences for the function and formation of electrical synapses. However, such structural asymmetries of electrical synapses at the level of subcellular organelles suggest that very different machinery must be used to deliver and maintain the components of these GJs.
The initiation of electrical synapse formation and the subsequent trafficking and delivery of components of GJs is not well understood. The best model for the process comes from work in cultured cells showing that Cxs hexamerize into hemichannels within the ER/Golgi where they are loaded into vesicles for transport along microtubules (MTs) toward the sites of GJ formation (Segretain and Falk, 2004; Shaw et al., 2007) . While neuronal Cx proteins are known to localize on vesicles within neurons (Flores et al., 2012) , the molecular mechanisms of Cx delivery to electrical synapses in vivo remain unknown. However, at a basic cell biological level, axons and dendrites have very different cytoskeletal arrangements. MTs, themselves inherently polarized structures, are arranged with their plus ends distal in the axon whereas within dendrites MTs have mixed microtubule polarity (Baas et al., 1989) . These cytoskeletal differences underlie a very different MTmotor driven trafficking landscape with unique motors being used to transport synaptic molecules to each compartment [reviewed in (Hirokawa et al., 2010) ]. Such differences in the cell biological underpinnings of the two compartments provide opportunity for neurons to make asymmetrical electrical synaptic structures. For example, the widespread heterotypic coupling of Cx35 and Cx34 at electrical synapses in fish occurs frequently between axonal and dendritic compartments (Rash et al., , 2015 Shah et al., 2015) and ACM unpublished results). A simple model to explain the presynaptic use of Cx35 and postsynaptic use of Cx34 is that each is specifically transported to only the appropriate axonal and dendritic compartments, respectively, where they are incorporated into synapses. While the mechanisms of Cx trafficking in neurons have yet to be studied, a forward genetic screen in zebrafish identified the gene neurobeachin (nbea) as being required for electrical (and chemical) synapse formation . Nbea is an autism-associated gene that is localized to the trans-Golgi network where it is thought to regulate the trafficking of membranebound proteins (such as Cxs) in the secretory pathway (Wang et al., 2000; Nair et al., 2013) . It was found that Nbea function was required exclusively postsynaptically for electrical synapse formation suggesting that Nbea controls the trafficking of Cxs into the dendritic compartment . While Nbea may be important in dendritic Cx trafficking, the mechanisms controlling presynaptic/axonal GJ trafficking in neurons are currently unknown.
What other asymmetries might GJs take advantage of in the nervous system? To date, there is no evidence that electrical synapses are structurally asymmetric beyond the Cx/Inx proteins themselves. But asymmetries can potentially originate on associated proteins that are part of the ESD. The bestknown Cx-interacting scaffold is ZO-1 (discussed above), which is encoded by the tjp1 gene. Recently, it was shown that tjp1b, a zebrafish ZO-1 homologue, is required for electrical synapse formation . Moreover, we have found that tjp1b is required exclusively postsynaptically for electrical synapse formation in zebrafish (ACM, unpublished) . This suggests a model wherein the zebrafish electrical synapses are asymmetric in the makeup of their structural scaffolding molecules and, to our knowledge, represents the first evidence that molecular structural asymmetry of the GJ can extend beyond the gap. Moreover, it suggests that other related scaffolds (ZO-2, ZO-3, and MUPP1), effector molecules (AF6 and cingulin), and adhesion molecules (N-cadherin) (Ciolofan et al., 2006; Li et al., 2009b; Lynn et al., 2012) , may also represent places where molecular asymmetry can arise at electrical synapses. Interestingly, while ZO-1 and cingulin seem obligatory and are always present, colocalization of Cx36 with CaMKII, MUPP-1, and AF-6 was reported to be variable and perhaps indicative of their functional state (Flores et al., 2010; Lynn et al., 2012) , suggesting that molecular asymmetry may be dynamically created at each GJ hemiplaque. While currently there are only emerging hints of molecular asymmetry at electrical synapses beyond the gap, it is highly likely there are many complexities hiding in these important structures. Such asymmetry and complexity would provide broad opportunities for independent modification of the presynaptic and postsynaptic compartments, with implications for regulation akin to chemical synapses. Identifying the extent and composition of these asymmetries represents a critical new area in electrical synapse formation and function.
Asymmetries at neuronal GJs producing electrical rectification need not be restricted to proteins, and could arise from different concentrations of channelinteracting diffusible cytosolic factors between heterologous cell types with different intercellular milieu (Palacios-Prado et al., 2014b) . Recent data supports the notion that Mg 11 controls neuronal coupling via modulation of gating mechanisms of Cx36 GJs by directly interacting with a Mg 11 -sensitive domain located in the channel's lumen . Asymmetries in the concentration of Mg 11 were shown to produce electrical rectification , 2014a . Other intracellular diffusible cations such as H 1 , Ca 11 , and spermine were also shown to affect GJ coupling in a Cxspecific manner (White et al., 1990; Musa et al., 2004; Harris and Contreras, 2014) but their effect on asymmetry of electrical communication has not yet been reported. Finally, electrical synapses were shown to interact heterosynaptically with nearby glutamatergic synapses (reviewed in (Pereda, 2014) . Activation of NMDA receptors located either at the post-synaptic density or extrasynaptically in the vicinity of the GJ were shown to lead to activation of CaMKII and enhancement of coupling (Pereda et al., 1998; Kothmann et al., 2012; Turecek et al., 2014) . These interactions seem to occur within the postsynaptic cell, providing another source of asymmetry at electrical synapses. It is unknown if this interaction is mediated via the diffusion of molecules or is supported by a molecular structure that is common to both synapses. Interaction via activation of mGluR receptors was also reported, although it is unclear if its actions are restricted to only one of the cells (Landisman and Connors, 2005; Wang et al., 2015b) . Known and potential forms of asymmetry at electrical synapses are summarized in Figure 4 .
CONCLUSIONS
Channels are the defining feature of the electrical synapse and GJs in general, but their function needs to be supported by a number of other proteins. A number of GJs associated proteins have been described (Herv e et al., 2004) . The question is: are the neuronal GJs of the electrical synapse just intercellular channels with ancillary proteins or rather do they represent true synaptic structures? From our perspective, given their functional and molecular complexity, electrical synapses represent genuine synaptic structures whose function is supported by multiple interacting molecules, as is the case for chemical (Rizo and Xu, 2015; Hanus and Ehlers, 2016) and immunological synapses (Dustin and Groves, 2012) . Differences of these synaptic components are likely to underlie functional diversity amongst electrical synapses across all nervous systems.
Another source of functional diversity can arise from asymmetries in the distribution of some of the synaptic components. Given their relevance, it was expected that asymmetry of channel composition to be the first evidence for asymmetry at an electrical synapse (Phelan et al., 2008) . However, asymmetry was unexpectedly found at a scaffolding trafficking protein (Nbea) , suggesting that asymmetries can originate from other components of the synapse. Such structural asymmetry could represent a potential source of rich functional diversity at electrical synapses. Electrical synapses might be then more structurally complex and functionally diverse than anticipated.
One of the important remaining questions is the energetics of electrical transmission. While the role of mitochondria in chemical transmission has been established (Zenisek and Matthews, 2000; Vos et al., 2010; Jonas, 2014; Picard, 2015) little is known of the relationship of this organelle with electrical synapses, although mitochondria have been found in association with GJs in the heart (Forbes and Sperelakis, 1982; Li et al., 2016) and postsynaptically at electrical synapses in the crayfish (Hanna et al., 1978) [Also note the proximity of mitochondria to the GJ in Fig. 2(A) ]. Originally thought as less energetically costly (Bennett, 1966) , the sophisticated functional properties and molecular complexity of electrical synapses suggest this might not be the case. In other words, the synaptic complexity and sophistication required to maintain the remarkable stability of electrical transmission during long periods of time might be highly demanding from the energetic point of view. Thus, electrical synapses might represent highly sophisticated and molecularly complex structures.
